An adaptive approach to qualitative modeling in design by Goel, Ashok K.
09:24:26 OCA PAD AMENDMF.tJT - PPOJECT HEADER INFORMATION 06/11/96 
Project 1: C-36-688 rn-:1 sharP tt~ C-36-395 
Center I : 10/24-6-R7529-0AO ('prJf-or c:;ht tt: 10/22-l-F7529-0AO 
Rev I: 4 
OCA file I: 
Active 
Work type : RES 
Contractl: IRI-9210925 
Prime 1: 
Subprojects ? : Y 
Main project I: 
Project unit: 
Project director(s): 
GOEL A K 
COMrUT r tJG _ 
co~w u11 tJG 
Mod #: AMENDMENT 003 
llnit code: 02.010.300 
(404)894-
Document GRANT 
Contract entity: GTRC 
CFDA: 47.070 
PE I: N/A 
Sponsor/division names: NATL SCIENrF FOIHlll/\TION 
Sponsor/division codes: 107 
I GENERAL 
I 000 




Cost sharing amount 
New this ch;:mge 
n 00 
n.oo 
Does subcontracting plan app] v ? : fJ 




Title: AN ADAPTIVE APPR9ACH TO fJill\1 TTATIVr f10DELING IN DESIGN 
rRn ,II=TT An11TN1STRATION DATA 
OCA contact: Michelle A. Starmack 
Sponsor technical contact 
LARRY H. REEKER 
(703)306-1926 
NATIONAL SCIENCE FOUNDATION 
4201 WILSON BLVD. 
ARLINGTON, VA 22230 
Security class <U,C,S,TS) : U 
Defense priority rating N/A 
Equipment title vests with: Sponsor 
Administrative comments -
A'l (, -4820 
~nonsor issuing office 
r-IIARLETTE L. KENLEY 
(703)306-1212 
fi/\TIONAL SCIENCE FOUNDATION 
~~01 WILSON BLVD. 
APLINGTON, VA 22230 
ntiR resident rep. is ACO (Y/N): N 
IISF supplemental sheet 
Gil X 
AMENDMENT NO. 003 EXTENDS THF F"'T r RAl T !HI Dl\1 E TO 6/30/96. THE FINAL REPORT 
IS NOW DUE 9/30/96. 
GEORGIA INSTITUTE OF TECHNOLOGY 
OFFICE OF CONTRACT ADMINISTRATION 
NOTICE OF PROJECT CLOSEOUT 
Closeout Notice Date 12/02/96 
Project No. C-36-688 ____________ ___ Center No. l0/24-6-R7529-0AO_ 
Project Director GOEL A K _______________________ _ School/lab COMPUTING ______ _ 
Sponsor NATL SCIENCE FOUNDATION/GENERAL __________________________ _ 
Contract/Grant No. IRI-9210925 _________________________ _ Contract Entity GTRC 
Prime Contract No. 
Title AN ADAPTIVE APPROACH TO QUALITATIVE MODELING IN DESIGN ________________ _ 
Effective Completion Date 960630 (Performance) 960930 (Reports) 
Closeout Actions Required: 
Final Invoice or Copy of Final Invoice 
Final Report of Inventions and/or Subcontracts 
Government Property Inventory & Related Certificate 
Classified Material Certificate 











Comments ____________________________________________________________________________________ __ 
LETTER OF CREDIT APPLIES. 98A SATISFIES PATENT REPORT. __________________ __ 
Subproject Under Main Project No. 
Continues Project No. 
Distribution Required: 
Project Director 
Administrative Network Representative 
GTRI Accounting/Grants and Contracts 
Procurement/Supply Services 
Research Property Managment 
Research Security Services 















Dr. Su-Shing Chen 
College of Con1puting 
Georgia Insti tu tc of Technclogy 
Atlanta, Georgia 30332-0280 
( 404 )-853-9371 
goel@cc.gatech.edu 
lV1ay 14, 1993 
Prograrn Director, Knowledge Systems and Cognitive Models 
Directorate of Information, Robotic and Intelligent Systems 
Division of Computer and Information Science and Engineering 
National Science Foundation 
1800 G. Street, NW 
vVashington, D. C 20550 
Dear Su-Shing, 
This letter is regarding the progress of our research funded by NSF RIA grant C36-
688. The grant awards us $60,000 from September 1992 to August 1994, and this letter 
reports on our progress from September 1992 to May 1993. A n1ajor portion of this award 
is being used to partially support the work of Mr. Sambasiva Bhatta, a graduate student at 
Georgia Tech working with tne, and another major portion will be used to partially support 
my work during the summers. In accordance with our budget, sn1aller portions of the award 
are being used to cover research-related travel, supplies, and computing charges. 
Research Accomplishments: Our proposal called for the development of "an adaptive 
approach to qualitative reasoning in design". The NSF grant has enabled us complete ll: 
project called Kritik2 from which our proposal originated, and to initiate another project 
called Ideal to study the adaptive approach to qualitative reasoning in more detail. 
The Kritik2 system integrates experiential case-based and qualitative model-based 
reasoning for the design of engineering devices such as heat exchanges. Its knowledge of 
previously encountered devices and their designs is organized in the form of cases. A case 
is indexed by the functions deliven"d by the device design stored in the case. Each case 
contains a pointer to a structure-behavior-function model of the stored device design. The 
structure-behavior-function (SBF) model of a device specifies the internal causal mechanisms 
that explain how the structure of the device produces its functions. 
Kritik2 designs new devices by retrieving and adapting the design of a device that 
delivers a similar function. It uses the SBF model of the retrieved device to localize the 
modifications needed to its design in order to satisfice the functional specification of the 
desired design. As the system adapts the previous design, it also revises its SBF model to 
obtain a SBF model of the modified design. It then uses the revised model to qualitatively 
sirnulate its output behaviors and thereby verifies whether the rnodified design will deliver 
Lhe functions desired of the device. If the design fails, the system attempts to redesign the 
failed design. 
Kritik2 showed how a. SBF model of an engineering device can be acquired by adapting 
the model of a similar device stored in the case memory. For example, the model of a high-
acidity Sulfuric Acid cooler rnay be acquired by first retrieving the case and corresponding 
n1oclel of low-acidity Nitric Acid cooler, and then adapting it using generic modification 
plans. This work has led us to domain-independent knowledge structures and reasoning 
algorithms for representing SBF n1odels and acquiring them by n1odel revision. It also led 
to us to case- based organization of the n1odel memory and heuristics for selecting relevant 
models from the memory. 
The new Ideal project builds on our work on Kritik2 in two ways directly related to 
the NSF award. First, Kritik2 is limited to reasoning with case-specific SBF models. Ideal 
investigates the acquisition of abstract functional models of generic causal mechanisms by 
generalization over the SBF models of specific devices. Second, Kritik2 assumes that case-
specific SBF n1odels are complete. Ideal relaxes this assumption and composes SBF models 
from its design experiences, specifically from design failures. A preliminary version of Ideal 
is now operational. 
Dissen1ination of Results 
The results of the above NSF sponsored research have been reported in a variety of 
forums including talks at meetings of the IFIP Working Group on Computer-Aided Design 
and the Cognitive Science Society, chapters in books on AI in Design, and papers in pro-
fessional magazines and conference proceedings. A journal paper based on this research has 
been submitted for publication, and a book is under preparation. I have attached a list of 
all publications since 1992 that are based on the above research. I have also attached the 
abstracts of some 1993 papers that explicitly acknowledge NSF support for this research. 
Thank you. 
Yours sincerely, 
Ashok K. Goe0 
Assistant Professor 
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Representation is a 
good framework for 
describing causal 
components because it 
embodies a theory of 




he design process involves exploring design spaces. simulating and veri-
fying candidate designs, and possibly redesigning and repeating the cycle. 
The body of information that explicitly records the design activity and the 
reasons for making choices (and reasons for not making some choices) is called the 
design rationale (DR). As more oft he design process gains computational support. 
some designers are focusing on the tasks of defining the components of DR and 
casting it into a form that can be recorded and manipulated computationally. 
Research is addressing what kinds of information DR should contain and how 
to express it. In a recent special DR issue of the journal Human-Computer 
lnreraction, 1 MacLean et al. 2 proposed a semiformal notation called Questions-
Options-Criteria (QOC) to represent the design space. As the space is explored, 
Questions identify key design issues, Options provide possible answers to these. 
and Criteria help assess the options. Lee and Lai3 proposed a language called DRL. 
which provides a vocabulary for recording design alternatives, the evaluation 
space and criteria, and the argument structure in which design discussions are 
conducted. 
Lee and Lai make a useful distinction between using DR as 
( 1) a record of the exploratory activity of the design team (along the lines of the 
information captured by the QOC formalism) and 
(2) an account of how the designed artifact serves or satisfies expected func-
tionalities. 
The distinction is essentially one of describing the designer's activity (what 
alternatives were considered and what choices were made and why) versus 
describing the artifact's functioning. We consider the use of a representation called 
Functional Representation (FR) for describing how the device works (or is 
intended to work). Specifically, we wish to show how FR can be used to capture the 
causal component of DR. By that we mean the designer's (or the design team's) 
account of the causal interaction sequence between device components that leads 
to achieving device functions. 
Some of the tasks for which DR can be used are 
(1) Controlling distributed design activity. In concurrent engineering, the DR for 
design decisions made by one group can be used by other groups to avoid 
redundancy of effort and incompatible design choices. 
(2) Reassessing device functions. During the period of device use. the campo-









Learning Generic Mechanisms from Experiences 
for Analogical Reasoning* 
Sambasiva R. Bhatta and Ashok K. Goel 
College of Computing 
Georgia Institute of Technology 
Atlanta, Georgia 30332-0280 
{ bhatta.goel }@cc .gatech .edu 
Abstract 
Humans ~ppt>ar to often solve problem~ in a new 
doma:n by transferring their expertise fror.1 a 
more familiar domain. However, making such 
cross-domain analogies is hard and often requires 
abstractions common to the S0 1Jrce and target do-
mains. Recent work in case-based design suggests 
that generic mechanisms are one type of abstrac-
tions used by designers. However, one important 
yet unexplored issue is where these generic mech-
anisms come from. We hypothesize that they are 
acquired incrementally from problem-solving ex-
periences in familiar domains by generalization 
over patterns of regularity. Three important is-
sues in generalization from experiences are what 
to generalize from an experience. how far to gen-
eralize , and what methods to use. In this paper, 
we show that mental models in a familiar do-
main provide the content. and together with the 
problem-solving context in which learning occurs, 
also provide the constraints for learning generic 
mechanisms from design experiences. In par-
ticular, we show how the model-based learning 
method integrated with similarity-based learning 
a.ddresses the issues in generalization from expe-
nences. 
Introduction 
Analogy is often believed to play an tmp.or-
t.ant role in reasoning underlying innovatiOn 
and creativity. Analogies can be of different 
types: within-problem, cross-problem but within-
domain, and cross-domain. We are interested 
in studying cross-domain analogies. Psycholog-
ical research shows that humans use abstractions 
in making cross-domain analogies (e.g., Gick & 
Holyoak, 1983; Catrambone & Holyoak, 1989). 
Some of the issues of interest then are how rea-
soning is mediated by the abstractions (shared 
between the source and target domains) and how 
those abstractions are learned . We explore the 
•This work has been supported by research grants 
from ONR (contract N00014-92-J-1234), NSF (grant 
C36-688). Northern Telecom, Georgia Tech Research 
Corporation, and a CER grant from NSF (gr~nt 
CCR-86-19886), and equipment grants and donations 
from IBM, Symbolics, and NCR. 
latter issue in the context of the design of physical 
devices such as electric circuits and heat exchang-
ers . Our goal is to build a computational model 
that can account for these phenomena and use it 
to generate testable predictions about designers' 
behavior. 
Goel ( 1989) has proposed models of generic 
teleological mechanisms (GTMs), such as cascad-
ing, feedback, and feedforward, as one type of ab-
stract knowledge that designers use in case-based 
design. GTMs take as input the functions of a 
desired design and a known design, and suggest 
patterned modifications to the structure of the 
known design that would result in the desired de-
sign . Stroulia and Goel (1992) have shown that 
GTMs indeed are useful in non-routine adaptive 
design. But one important yet unexplored issue 
is how these GTMs are acquired. Our hypothe-
sis is that they are acquired incrementally from 
problem-solving experiences in familiar domains 
by generalization over patterns of regularity. For 
instance, a designer may acquire from examples 
in the domain of electric circuits a model of cas-
cading, and when and how to cascade a number 
of similar components together (i.e ., to connect 
multiple components to amplify the overall deliv-
ered function). The designer can then use that 
model for designing in a different domain such as 
the domain of heat exchangers. 
Generalization from experiences raises three 
important issues. First is the issue of relevance, 
that is, the issue of deciding what to generalize ·· 
from an experience . We represent in design expe-
riences a designer's comprehension of how devices 
work (i.e ., how the structure of a design results 
in its output behaviors). We represent this com-
prehension as structure-behavior-function (SBF) 
models and represent the models of GTMs as 
behavior-function ( BF) models. We propose that 
the problem-solving context in which learning oc-
curs together with the hierarchical organization of 
the SBF model of the device heip determine what 
to generalize from the model. Further, the SBF 
models lead to a typology of behavioral patterns 
over which the generalization process can result 
in learning GTMs. Second, how far a chosen as-
pect of the device can be generalized. We show 
that the similarities in the SBF models of the cur-
To appear in the Proceedings of the Fiftf'~nth Annual Conference of the Cognitive Sc.;ence 
Society, Boulder, CO, June 18-21, 1993. 
Model-Based Learning of Structural Indices to Design Cases* 
Sambasiva R. Bh.atta and AshoA: [,·. Goe/ 
Artificial Intelligence Group 
College of Cornputing 
Georgia Institute of Technology 
Atlanta, G A 30:3:32-0280 
Ernai l: { bhat ta,goel} !~cc .gatech.ed u 
Abstract 
A major Issue in case-based systems is retrieving the appropriate cases from memory to solve 
a given problem. This implies that a case should be indexed appropriately when stored in memory. 
A case-based system. being dynamic in that it stores cases for reuse, needs to learn indices for 
the new knowledge as the system designers cannot envision that knowledge. Irrespective of the 
type of indexing (structural or functional), a hierarchical organization of the case memory raises 
two distinct but related issues in index learning: learning the indexing vocabulary and learning the 
right level of generali::ation. In this paper we show how structure-behavior-function ( SBF) models 
help in learning structural indices to cases in the context of case-based design of physical devices. 
The SBF model of a design provides t.he functional and causal explanation of how the structure 
of the design delivers its function. \Ve describe how the SBF model of a design, together with a 
specification of the task for which t IH' design case might be reused, provides the vocabulary for 
structurally indexing the design casp in memory. We also describe how the SBF model provides 
the inductive biases for index gen<'ralization. vVe further discuss how model-based learning can 
he integra ted with similarity- based [Parning (that uses prior design cases stored in case-memory) 
for learning the level of index geni'ralization. The IDEAL system implements and evaluates the 
model- based method for learning structural indices to design cases. 
1 Introduction 
Solving a problem by the case-based method [Riesbeck and Schank, 1989; Kolodner and Simpson, 
l989] involves rflritTing a similar problem from memory, adapting its solution to the new problem, 
and $loring the new solution so it can be used in future problem-solving situations. A major issue 
in case- based s~'stems is n triePing the appropriate cases from memory to solve a given problem. 
*This work has been supported by research grants from ONR (contract N00014-92-J-1234), NSF (grant C36-688), 
Northern Telecom, and a CER grant from NSF (grant CCR-86-19886), Georgia Tech Research Corporation, and 
equipment grants and donatrons from IBM, Symbolics, and NCR. 
To appear in the Proceedings of the IJCAI-93 workshop on ·'Reuse of Designs: An Interdis-
ciplinary C'ognit!ve Approach," Chamber)'. Savoie, France, Aug. 29, 1993, 
Ashok K. Goel 
College of Co•puting 
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Part II: Summary of Completed Project 
The primary objective of this research was to develop a computational theory for constructing 
and acquiring qualitative models of new physical devices by retrieving and revising known device 
models. The original scope was limited to incremental model revision in the context of evolutionary 
device design, but the results of our research also cover model construction in creative design. 
We conducted this research by iteratively developing (i) a computational theory for model 
construction in device design; (ii) instantiating the theory in a computer program; (iii) evaluating 
the program for increasingly realistic problems; and (iv) feeding the results back into (i) to form 
increasingly sophisticated theories. 
Our research has resulted in (a) a new account of device models and a corresponding lan-
guage for representing the models of a class of devices, (b) a new scheme for indexing, organizing, 
and accessing a model memory, (c) new algorithms for constructing and acquiring models of new 
devices by retrieving and revising the known models, and (d) new algorithms that use the con-
structed models for the tasks of interpretation of design problems, verification of candidate designs, 
explanation of design failures, and reformulation of problems. A major and important implication 
is a unification of device models, model memory, model-based reasoning, and model learning. 
Goel, 9210925 
Part Ill: Technical Information 
This research has led to two distinct but closely related computational theories for constructing and 
acquiring qualitative models of physical devices. Evolutionary device design forms the context for 
the first theory called adaptive modeling. In the adaptive-modeling theory, qualitative models of new 
devices are constructed by retrieving and incrementally revising known device models. The second 
theory, called model-based analogy, extends the first theory to creative device design. Qualitative 
models of new devices, in model-based analogy, are constructed not only by revising the models of 
similar devices, but also through analogical transfer of generic models. 
The origin of these theories lies in our earlier work on evolutionary device design. The key 
idea in our design work was that device design involves both design experiences (i.e., cases) and 
device comprehension (i.e., models): while the high-level process of evolutionary design is largely 
case-based, device models give rise to both the vocabulary and the strategies for addressing the 
different tasks in the process. The specific hypothesis was that since the task of device design 
is a function to structure mapping, the inverse structure to function map of old designs may 
guide their adaptation for achieving new functional specifications. We specified the structure to 
function map of a device as a Structure-to-Behavior- -to-Function (SBF) model. The Kritik system, 
developed during 1987-89 at the Ohio State University, instantiated this theory of evolutionary 
design. Through experimentation with Kritik we fourid that the SBF models not only give rise to 
adaptation strategies for modifying old designs and evaluating whether the modified design achieves 
the desired function, but that they also provide a vocabulary for indexing and organizing the design 
cases and enabling case retrieval and storage. 
Since the model-based process for design adaptation also resulted in a SBF model for the 
new design, it led us to the theory of adaptive modeling in which SBF models of new devices 
are constructed by incrementally revising known device models. The Kritik2 system, developed 
during 1990-92 at Georgia Tech, instantiated the twin theories of evolutionary design and adaptive 
modeling. Our work on Kritik2 revealed a deep symmetry between evolutionary design and adaptive 
modeling on one hand and between case-based and model-based reasoning on the other: while device 
models enable model-based methods for adapting past design cases in evolutionary design, case-
based reasoning provides a processing strategy for creating new device designs and constructing 
new device models . This symmetry enabled us to continue using the same SBF models for both 
evolutionary design and adaptive modeling. It also enabled us to modify Kritik's algorithms for 
design creation to obtain Kritik2's algorithms for model construction. 
The 1992 NSF RIA award enabled us to continue developing the theory of adaptive modeling. 
First, we evaluated the theory in a context different from design. In particular, we used Kritik2's 
SBF models and model adaptation techniques for understanding an English language description 
of a new device and acquiring a SBF model of the device. The new system, called KA, understands 
English language descriptions of devices from the popular science book "The Way Things Work" by 
David Macaulay. For example, it uses a stored SBF model of how a spray can works to understand 
the description of the workings of the fire extinguisher, and adapts the spray can model to acquire 
a SBF model of the fire extinguisher. The REU Supplement to the initial RIA award supported 
the work of Mr. Vinay Pandey on the KA project. From Summer 1994 through Fall of 1995, Mr. 
Pandey worked with me on entering new cases and models into KA and evaluating the theory of 
adaptive modeling for acquisition of device models from natural language texts. 
In parallel, we constructed a graphical explanatory interface to Kritik2 and thereby devel-
oped the Interactive Kritik system. Put together, Kritik2, KA, ·and Interactive Kritik address the 
entire cycle of adaptive modeling, from the acquisition of device models from natural language 
texts, to the use of the constructed models in evolutionary device design and in verifying and ex-
plaining the workings of the candidate design. Nathalie Grue wrote her 1994 M.S. Thesis, entitled 
"Illustration, Explanation, and Navigation of Device Models and Design Processes" based on the 
Interactive Kritik project. 
In addition, we expanded and extended the theory of adaptive modeling to address the issue 
of creativity in design. In particular, we developed a computational theory of generic (i.e., device-
independent) models and model-based analogy. In model-based analogy (MBA), generic models are 
learned from design experiences in one domain and enable focused transfer of knowledge to design 
problems that may lie in another domain. We have identified two kinds of generic models that 
are especially useful in creative device design: generic physical processes and generic teleological 
mechanisms. A generic physical process captures a pattern of behavioral and causal structure such 
as heat flow, while a generic mechanism specifies a pattern of functional and causal structure such 
as feedback. 
The Ideal system instantiates this theory. of generic models and model-based analogy. It 
represents generic physical processes and teleological mechanisms as behavior-function (BF) models. 
When it solves a design problem by constructing a SBF model for the desired device, it uses the 
new SBF model, together with similar SBF models in its analog memory, to abstract and acquire 
generic BF models. The generic models provide an e~hanced set of design adaptation and model 
construction strategies that range from tweaking design parameters to instantiation of generic 
models to analogical transfer of generic models across device domains. The cross-domain transfer 
of generic models leads to topological modifications that apparently are a characteristic of creative 
design. Dr. Sambasiva Bhatta wrote his 1995 Ph.D. Dissertation, entitled "Model-Based Analogy 
in Innovative Device Design," based on the Ideal project. 
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This NSF funded research has led to nearly a dozen presentations at major conferences and work-
. shops, including the bi-annual International Conferences on AI in Design, the annual conferences 
of the Cognitive Science Society, and the annual Qualitative Reasoning Workshops. It has also lead 
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Software Products 
As briefly described above, the NSF award has partially supported the development of three pro-
totype software systems: Interactive Kritik, KA, and Ideal. All three systems evolve from the 
original Kritik2 system developed earlier, and run on CommonLisp/CLOS. Interactive Kritik con-
tains about a dozen design cases and device models in the domains of simple electrical circuits and 
heat exchange devices. KA too contains about a dozen cases and models from the domains of heat 
exchange systems and pressure release chambers. Ideal contains about three times as many cases 
and models from the domains of heat exchange devices, electrical circuits, operational amplifiers, 
and gyroscopes. 
The Kritik2 system, which we have tested most extensively, is now available in the pub-
lic domain. Dr. S. Prabhakar, a faculty member with.the University of Technology in Sydney, 
Australia, recently ported Kritik2 to his laboratory for further experimentation and development. 
Researchers from KSL at Stanford University, NIST, and Boeing Space and Defense, too have 
expressed an interest in using Kritik2. 
